Matrix isolation infrared spectra, assignment and DFT investigation on reactions of iron and manganese monoxides with CH3Cl  by Zhao, Yanying et al.
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 116 (2013) 96–101Contents lists available at SciVerse ScienceDirect
Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy
journal homepage: www.elsevier .com/locate /saaMatrix isolation infrared spectra, assignment and DFT investigation
on reactions of iron and manganese monoxides with CH3Cl1386-1425 2013 The Authors. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.saa.2013.07.010
⇑ Corresponding author. Tel.: +86 57186843627; fax: +86 57186843224.
E-mail address: yyzhao@zstu.edu.cn (Y. Zhao).
Open access under CC BY-NC-ND license.Yanying Zhao ⇑, Kexue Fan, Yongfei Huang, Xuming Zheng
Department of Chemistry, Engineering Research Center for Eco-dyeing and Finishing of Textiles, Key Laboratory of Advanced Textiles Materials and Manufacture Technology,
Ministry of Education, Zhejiang Sci-Tech University, Hangzhou 310018, Chinah i g h l i g h t s
 The matrix isolation infrared spectra
of OM-(gCl-CH3Cl) and CH3MOCl are
assigned.
 The geometries and vibration
frequencies are performed by DFT
calculations.
 The reaction mechanism and of MO
(M@Mn, Fe) + CH3Cl is illustrated.
 The reaction potential energy
surfaces (PES) are predicted.g r a p h i c a l a b s t r a c t
Potential-energy proﬁle for the MO + CH3Cl reaction.a r t i c l e i n f o
Article history:
Received 4 March 2013
Received in revised form 27 May 2013
Accepted 2 July 2013
Available online 10 July 2013
Keywords:
Matrix isolation
Infrared spectroscopy
Theoretical calculations
OM-(gCl-CH3Cl) complex
Chemical reaction mechanisma b s t r a c t
The reactions of iron and manganese monoxide molecules (FeO, and MnO) with monochloromethane in
solid argon have been studied by matrix isolation infrared spectroscopy and quantum chemistry calcu-
lations. When annealing, the reactions of FeO and MnO with CH3Cl ﬁrst form the OM-(gCl-CH3Cl) (M@Mn,
Fe) complexes, which can isomerize to CH3MOCl (M@Mn, Fe) upon 300 < k < 580 nm irradiation. The
products were characterized by isotopic IR studies with CD3Cl and 13CH3Cl and density functional calcu-
lations. Based on theoretical calculations, the OFe-(gCl-CH3Cl) and OMn-(gCl-CH3Cl) complexes have 5A0
and 6A0 ground state with Cs symmetry, respectively. The accurate CCSD(T) single point calculations illus-
trate the CH3MOCl isomerism are 13.8 and 3.1 kcal/mol lower in energy than the OM-(gCl-CH3Cl) (M@Mn,
Fe) complexes.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.Introduction
Halohydrocarbons, play an important role in solvents and chem-
ical reaction (intermediates), and have signiﬁcant contribution tostratospheric chemistry and combustion chemistry as well. How-
ever, their wide use is harmful to environment and atmosphere.
Chlorinated solvents comprise a quarter of the priority pollutants
listed by the U.S. EPA [1]. A few of these compounds are subject
to aerobic degradation or transformation [2–4], and some of these
degradable capacities can be applied to waste or water treatment
[5]. The interactions of transition metal centers with halohydrocar-
bon molecules are important in understanding the elemental reac-
tion mechanisms of many processes such as catalysis, surface
chemistry and material synthesis [6]. The chemical reactivity of
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extensively studied, which have provided a wealth of insight con-
cerning the reactivity of bare metal atoms [7–11]. The reactions
of Group 4–6 transitions metals with methyl monohalides CH3X
(X@F, Cl, Br, I) have also been reviewed by Andrews [12–18]. By
contrast, because of the experimental difﬁculty in making ‘‘pure’’
transition metal oxide molecules for further reaction studies, the
investigations on transition metal oxides and halohydrocarbon,
particularly neutral oxide molecules with halohydrocarbon are rel-
atively less known by people. Transition metal oxides have been
proven to be effective catalysts for a variety of industrial reactions.
Recently the scandium, yttrium, niobium and titanium oxides reac-
tions with CH3Cl have been reported [19–20].
In this work, we report the matrix isolation infrared spectra and
theoretical results on the reaction products of laser-ablated Fe2O3
and MnO2 bulk metal oxides and CH3Cl in solid argon.Fig. 1. Infrared spectra in 774–880 and 500–591 cm1 regions from co-deposition
of laser-ablated MnO2 target with 0.5% CH3Cl in excess argon.(a) 1.5 h of sample
deposition at 6 K, (b) after 25 K annealing, (c) after 15 min irradiation
(300 < k < 580 nm), and (d) after 25 K annealing.
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Fig. 2. Infrared spectra in 580–500 cm1 region from co-deposition of laser-ablated
MnO2 target with isotopically substituted CH3Cl in excess argon. spectra were taken
after 1.5 h of sample deposition followed by 25 K annealing and 15 min of
irradiation (300 < k < 580 nm) and 25 K annealing. (a) 0.5% CH3Cl, (b) 0.5% 13CH3Cl,
and (c) 0.5% CD3Cl.Experimental and computational details
Experimental method
The experimental setup for pulsed laser ablation andmatrix isola-
tion Fourier transform infrared (FTIR) spectroscopic investigation has
beendescribed indetail previously [21–23]. Brieﬂy, theNd: YAG laser
fundamental (1064 nm, 20 Hz repetition rate and 8 ns pulse width)
was focused onto the rotating transition metal oxide targets (Fe2O3,
MnO2), which were co-deposited with CH3Cl in excess argon onto
the 6 K CsIwindow for 1–2 h at a rate of 3–5 mmol/h. The CH3Cl sam-
ple was subjected to several freeze-pump-thaw cycles at 77 K before
use. The CH3Cl/Ar mixture was prepared in a stainless steel vacuum
line using standard manometric technique. Isotopic 13CH3Cl and
CD3Cl (ISOTEC, 99%) were used without further puriﬁcation. Infrared
spectra were recorded on a Bruker IFS 66v/s spectrometer using an
MCT detector at 0.5 cm1 resolution between 400 and 4000 cm1.
After the infrared spectrum of the initial deposition had been re-
corded, the samples were annealed to the higher temperatures,
quickly re-cooled, and the spectra taken followed by repetition of
these steps using different temperatures, and selected samples were
subjected to photolysis using a tungsten lamp or a 250W high-
pressure mercury arc with globe removed lamp with glass ﬁlters.
Computational method
Quantum chemical calculations were performed using the
Gaussian 03 program [24]. The calculations were performed at
the level of density functional theory (DFT) with the B3LYPmethod,
where the Becke three parameter hybrid functional and the Lee–
Yang–Parr correlation functional were utilized [25,26]. The 6-
311++G(d, p) basis set was used for the C, O, H, Mn, Fe atoms
[27–29]. The geometries were fully optimized, and the stability of
the electronic wave function was tested; the harmonic vibrational
frequencies were calculated with analytic second derivatives, and
zero-point vibrational energies (ZPVE) were derived. The single
point energies of all structures optimized at the B3LYP level were
calculated at the CCSD(T) level with single and double excitations
plus perturbative triple excitations [30] using the same basis.Results and discussion
The manganese and iron monoxide reactants were prepared
from pulsed laser evaporation of bulk MnO2 and Fe2O3 targets.
Reactions of MnO and FeO with CH3Cl in argon matrix are investi-
gated, and the products are characterized by matrix infrared spec-
troscopy and density functional theory. Experiments are repeated
by using the isotopic substituted 13CH3Cl and CD3Cl samples tosupport the product assignments. The infrared spectra in selected
regions are shown in Figs. 1–4, and the optimized structures are
shown in Fig. 5. Table 1 summarized the band positions of the
new product absorptions. The calculated grounds states, energies,
vibrational frequencies and modes are listed in Table 2.MnO + CH3Cl
Under controlled laser energy, co-condensation of laser evapo-
ration of MnO2 with pure argon produced MnO (833.3 cm1) as
the major species with minor MnO2 and (MnO)2 [31]. The
833.3 cm1 was subsequently assigned to MnAO modes of the
ArMnO in argon matrices [32]. Distinct new product absorptions
are observed in the experiments when using CH3Cl/Ar mixtures
as reagent gas. Fig. 1 shows the representative spectra of laser-ab-
lated MnO2 target with a CH3Cl/Ar sample (0.5% molar ratio) in se-
lected regions, and the product absorptions are listed in Table 1.
Besides the manganese oxide absorptions, a new weak band at
843.4 cm1 is observed on sample deposition (Fig. 1a). This band
increases slightly on annealing to 25 K (Fig. 1b), and disappears
on subsequent irradiation (300 < k < 580 nm) with a high-pressure
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Fig. 3. Infrared spectra in 850–900 and 500–580 cm1 regions from co-deposition
of laser-ablated Fe2O3 target with 0.5% CH3Cl in excess argon. (a) 1.5 h of sample
deposition at 6 K, (b) after 25 K annealing, (c) after 15 min irradiation
(300 < k < 580 nm), and (d) after 25 K annealing.
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Fig. 4. Infrared spectra in 580–510 cm1 region from co-deposition of laser-ablated
FeO2 target with isotopically substituted CH3Cl in excess argon. spectra were taken
after 1.5 h of sample deposition followed by 25 K annealing and 15 min of
irradiation (300 < k < 580 nm) and 25 K annealing. (a) 0.5% CH3Cl, (b) 0.5% 13CH3Cl,
and (c) 0.5% CD3Cl.
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which two distinct new absorptions at 569.6 and 542.2 nm appear
(Fig. 1c). Both of the product absorptions increase slightly when
annealing to 25 K, when the 843.4 cm1 band disappears.
According to our experimental observations, the 843.4 cm1
band shows no carbon-13 and deuterium isotopic shifts with
13CH3Cl and CD3Cl samples. These experiments suggests that the
843.4 cm1 absorption is due to the terminal MnAO stretching
mode of a OMn-(gCl-CH3Cl) complex, which is blue-shifted
10.1 cm1 relative to the 833.3 cm1 (ArMnO) [32]. The absorp-
tions at 542.2 and 569.6 cm1 are assigned to the different modes
of the OMn-(gCl-CH3Cl) product. As shown in Fig. 2, the 542.2 cm1
band is respectively shifted to 531.3 cm1 and 504.9 cm1 with the
13CH3Cl and CD3Cl/Ar isotopic samples. The ratios of 12C/13C and
H/D are 1.0205 and 1.0739, which is corresponding to MnACH3
vibrational mode. The band at 569.6 cm1 is shifted to
566.2 cm1 in 13CH3Cl sample with 12C/13C ratio 1.0060, which is
a hint of ACH3 vibration mode. And so the 542.2 and 569.6 cm1
absorptions, respectively, are assigned to the m(MnACH3), and
m(CH3) modes of the CH3MnOCl species.To validate the experimental assignment of the complex, we
perform density functional theory calculations. Table 1 lists all
vibration modes and intensities of the complex. The B3LYP/6-
311++G(d, p) calculations predict that the OMn-(gCl-CH3Cl) com-
plex has a 6A0 ground state with a Cs symmetry, as shown in
Fig. 5. DFT/B3LYP calculations predict that the Mn atom of MnO
is coordinated to the chlorine atom terminal of CH3Cl. The MnACl
bond length is calculated to be 2.572 Å. The MnAO and CACl bonds
are elongated 0.011 and 0.024 Å with 1.648 and 1.830 Å, respec-
tively, compared to those of MnO (1.637 Å) and CH3Cl(CACl bond,
1.806 Å) molecules.
The harmonic vibrational frequency for the MnAO stretching
vibration of OMn-(gCl-CH3Cl) complex is calculated at 887.8 cm1
with 284 km/mol IR intensity. The other vibrational modes are pre-
dicted to have much lower IR intensities than the MnAO stretching
mode, and not to be observed due to the weakness, see Table 2. The
MnAO stretching mode is predicted to exhibit no carbon-13 shift
and deuterium shift, consistent with the experimental observa-
tions. The MnAO stretching mode is predicted to be red-shifted
by about 6 cm1 with respect to the frequency of ArMnO calculated
at the same level of theory, comparably with the experimentally
observed shift (10 cm1). According to the DFT frequency calcula-
tions, the calculated frequencies at 579.0 and 533.1 cm1 are cor-
responding to the observed absoptions at 569.6 and 542.2 cm1
of the CH3MnOCl insertion product.
FeO + CH3Cl
Another similar experiment is also performed using the Fe2O3
target. Co-deposition of the species from laser ablation of Fe2O3
with argon at 6 K produced strong iron monoxide absorption
(872.8 cm1, ArFeO in fact) [33] and other weak metal oxide
absorptions (FeO2, 945.8 and 797.0 cm1; cyc-Fe2O2, 661.5 and
660.6 cm1) [34–35]. As shown in Fig. 3, a new band at
882.7 cm1 is observed when the sample deposition (Fig. 3a). The
new absorptions at 570.4 and 561.5 cm1 are observed when addi-
tional irradiation (300 < k < 580 nm) with a high-pressure mercury
lamp with a 300 nm long wavelength pass ﬁlter (Fig. 3c). Both of
the absorptions become sharp on sample annealing to 25 K
(Fig. 3d).
The 882.7 cm1 band is not observed in the Fe + CH3Cl/Ar and
Fe2O3 in pure argon experiments. With 13CH3Cl and CD3Cl samples
the 882.7 cm1 band indicates no carbon-13 and deuterium isoto-
pic shift, which suggests the absorption is due to the terminal
FeAO stretching mode of the OFe-(gCl-CH3Cl) complex. The
882.7 cm1 is blue-shifted 10.1 cm1 relative to the 872.8 cm1
(ArFeO), which was previously assigned to FeO molecule, subse-
quently, to ArFeO. Fig. 4 displays the infrared spectra in the 580–
510 cm1 region with 13CH3Cl and CD3Cl samples. The absorptions
at 561.5 and 570.4 cm1 appear under 300 < k < 580 nm irradiation
at the expense of the 882.7 cm1 absorptions. This observation
suggests that the 561.5 and 570.4 cm1 absorption are due to a
structural isomer of CH3FeOCl molecule. The band 570.4 cm1
and 12C/13C isotope frequency ratio of 1.0060 are characteristic of
a ACH3 vibration. The absorption at 561.5 cm1 exhibits an isoto-
pic shift of 11.0 cm1 on carbon-13 substitution and a large
55.1 cm1 shift on CD3Cl substitution. The band position and
12C/13C isotopic frequency ratio of 1.0200 indicate a terminal FeAC
stretching vibration, as shown in Table 1.
Density functional calculations are performed to support the
above experimental assignment. The B3LYP predict FeO to have a
5D ground state with a FeAO bond length of 1.633 Å, which is close
to the experimental value of 1.616 Å [33]. The geometry optimiza-
tions are carried on the quintuplet spin states of the OFe-(gCl-
CH3Cl) complex. The OFe-(gCl-CH3Cl) complex is calculated to have
5A0 ground state with Cs symmetry, and the FeO on Fe terminal is
Fig. 5. Optimized structures (bond lengths in angstroms and bond angles in degrees) of the species in the MO + CH3Cl (M = Mn, Fe) reaction systems and transition states (TS1
and TS2).
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stretching vibrational frequency is calculated at 911.1 cm1 in
the 5A0 state of the OFe-(gCl-CH3Cl) complex, which agrees well
with the experimental values (882.7 cm1). The predicted FeAO
stretching frequency of OFe-(gCl-CH3Cl) complex is blue-shifted
3 cm1, compared to that of free FeO molecule, which is smaller
than the experimental observed values (10 cm1). The other vibra-
tional modes of the complex are much weaker and not observed.
The B3LYP/6-311++G(d, p) calculation results indicate the insertion
CH3FeOCl to have a 5A state with no symmetry. The FeAC and
FeAO bond lengths are 2.018 Å and 1.823 Å, which is elongated
0.192 Å than 1.633 Å of free Fe. At the same calculation levels,
the frequency analysis indicates the observed d(CH3) vibration at
570.4 cm1 is calculated to be 585.6 cm1, which is largely shiftedto 440.8 cm1 with CD3Cl sample, which is difﬁcult to be observed
for such lower frequencies. Table 1 lists the calculated 12C/13C and
H/D isotopic ratios, compared with our observed results.Reaction mechanism
The OM-(gCl-CH3Cl) (M@Mn, Fe) complexes are formed by laser
ablation of the MnO2 and Fe2O3 targets to produce MnO and FeO
reaction with CH3Cl molecule, reactions (1) and (2), which are cal-
culated to be exothermic (according to CCSD(T)/B3LYP method):
MnOþ CH3Cl! OMn-ðgCl-CH3ClÞ DE
¼ 9:3ð16:3Þ kcal=mol ð1Þ
Table 1
Observed and B3LYP/6-311 + G(d, p) calculated infrared absorptions frequencies (cm1) of the reaction products from metal monoxides MO (M = Mn, Fe) with CH3Cl.
Molecule Assignment CH3Cl CD3Cl 13CH3Cl 12C/13C H/D
Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. Obsd. Calcd.
OMn-(gCl-CH3Cl) m(MnAO) 843.4 887.8 843.4 887.8 843.4 887.8 1.000 1.000 1.000 1.000
CH3MnOCl d(ACH3) 569.6a 579.0 436.9 566.2b 575.7 1.006 1.006 1.325
m(MnACH3) 542.2 533.1 504.9 506.9 531.3 524.5 1.021 1.016 1.074 1.052
OFe-(gCl-CH3Cl) m(FeAO) 882.7 912.3 882.7 912.3 882.7 912.3 1.000 1.000 1.000 1.000
CH3FeOCl d (ACH3) 570.4c 585.6 440.8 567.0d 582.2 1.006 1.006 1.328
m(FeACH3) 561.5 542.7 521.0 506.4 550.5 534.4 1.020 1.016 1.078 1.072
a Site absorptions observed at 565.1 and 566.8 cm1.
b Site absorptions observed at 561.3 and 563.6 cm1.
c Site absorptions observed at 566.3 and 568.1 cm1.
d Site absorptions observed at 562.7 and 564.9 cm1.
Table 2
Calculated energies (Hartrees), vibrational frequencies (cm1) and intensities (km/mol) in the parentheses of experimentally observed and molecules and transition states (TS) in
solid argon at the B3LYP/6-311++G(d, p) level.
Molecule Energya Frequency (intensity, mode)
CH3Cl (1A1) 500.114229(499.4669026) 710.3(30, a1), 1031.8(4, e), 1389.0(16, a1), 1479.4(7, e), 3068.8(26, a1), 3166.4 (6, e)
MnO(6D) 1226.203056(1224.9536239) 867.8(165, r)
OMn-(gCl-CH3Cl)(6A0) 1726.332121(1724.4466248) 51.3(1, a00), 70.8(13, a0), 104.2(21, a00), 129.5(8, a0), 165.6(7, a0), 655.9(37, a0), 887.8(284, a0), 1028.2(1, a00),
1034.3(5, a0), 1379.8(6, a0), 1471.2(11, a0), 1471.4(15, a00), 3084.9(8, a0), 3197.2(0, a0), 3198.4(0, a00)
CH3MnOCl(6A) 1726.321288(1724.4416287) 13.9(0, a), 38.4(1, a), 79.9(15, a), 82.6(20, a), 421.0(28, a), 533.6(107, a), 580.2(46, a), 586.6(44, a),
783.8(85, a), 1194.1(2, a), 1444.6(1, a), 1444.7(1, a), 2998.7(13, a), 3066.0(12, a), 3068.3(13, a)
FeO (5
P
) 1338.879144(1337.571717) 909.1(113, r)
OFe-(gCl-CH3Cl) (5A0) 1839.030559(1837.079611) 58.3(1, a00), 64.2(17, a0), 101.0(21, a00), 130.0(6, a0), 191.2(4, a0), 652.7(39, a0), 912.3(227, a0), 1029.0(0, a00),
1036.3(4, a0), 1380.5(7, a00), 1470.3(10, a0), 1470.4(14, a00), 3086.4(7, a0), 3198.9(0, a0), 3202.2(0, a00)
CH3FeOCl(5A) 1838.998467(1837.0576763) 23.4(12, a), 60.9(3, a), 63.8(6, a), 145.2(6, a), 419.2(27, a), 542.7(96, a), 585.6(44, a), 682.4(35, a),
724.4(24, a), 1203.3(0, a), 1442.9(1, a), 1452.3(0, a), 2995.3(15, a), 3053.8(14, a), 3082.1(16, a)
TS1 (6A) 1726.314388(1724.4140609) 393.5(64, a), 19.1(0, a), 73.3(7, a), 94.9(17, a), 332.0(18, a), 502.7(22, a), 559.0(50, a), 570.7(39, a),
606.8(71, a), 1200.0(1, a), 1436.0(5, 0), 1442.3(1, a), 2990.5(4, a), 3052.8(17, a), 3063.1(14, a)
TS2 (5A) 1838.995646(1837.0507838) 576.9(376, a), 31.3(0, a), 62.6(12, a), 101.3(7, a), 236.0(31, a), 524.7(23, a), 571.5(39, a), 604.5(19, a),
667.2(56, a), 1181.2(6, a), 1428.2(3, a), 1439.1(4, a), 3004.5(5, a), 3077.7(9, a), 3088.4(7, a)
a The values in parapheses referred to the CCSD(T)//B3LYP/6-311++G(d, p) level of theory.
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¼ 23:3ð25:7Þ kcal=mol ð2Þ
The OMn-(gCl-CH3Cl) and OFe-(gCl-CH3Cl) absorptions increase
on annealing, suggesting that reactions (1) and (2) are barrier free.
Upon photo irradiation, the OMn-(gCl-CH3Cl) and OFe-(gCl-CH3Cl)
absorptions decrease or disappear, followed by the increase of
the CH3MnOCl and CH3FeOCl products. This suggests that the CH3-
MnOCl and CH3FeOCl species are generated from the OMn-(gCl-
CH3Cl) and OFe-(gCl-CH3Cl) complexes via reactions (3) and (4).
OMn-ðgCl-CH3ClÞ!hc CH3MnOCl DE ¼ þ6:8ðþ3:1Þ kcal=mol ð3ÞOFe-ðgCl-CH3ClÞ!hc CH3FeOCl DE ¼ þ20:1ðþ13:8ÞÞ kcal=mol ð4Þ
According to our CCSD(T)/B3LYP single point energy calculation
results, the OMn-(gCl-CH3Cl) and OFe-(gCl-CH3Cl) complexes are
16.3 and 25.7 kcal/mol lower in energy than MO + CH3Cl reactants,
respectively. The binding energies of the OM-(CH3Cl) complexes
are much higher than those reported previously, such as MO(CH4)
(M@Mn, Fe, TiO) [36,37], ScO(L) (L@N2, C2H2) [38,39], and noble
gas complexes [40–45] at the same theory levels. Upon photo
irradiation, the OMn-(gCl-CH3Cl) and OFe-(gCl-CH3Cl) absorptions
decrease or disappear, followed by the increase in absorptions of
the CH3MnOCl and CH3FeOCl products. This suggests that the
CH3MnOCl and CH3FeOCl species are generated from the
OMn-(gCl-CH3Cl) and OFe-(gCl-CH3Cl) complexes via reactions 3
and 4. The CH3MOCl (M@Mn, Fe) molecules are 3.1 and 13.8
kcal/mol higher in energies than OM-(gCl-CH3Cl) (M@Mn, Fe) com-
plexes at CCSD(T)//B3LYP levels (in the parenthesis). The values
calculated at the B3LYP level are systematically larger than thosecalculated at the CCSD(T)//B3LYP level in the parentheses because
of the lack of proper treatment for dispersive interactions with
B3LYP method [46].
To further understand the reaction mechanism of the MO +
CH3Cl reactions, the potential energy proﬁles for the MO + CH3Cl
CH3MOCl reactions were calculated, as shown in Fig. 6. The proﬁles
of the reaction potential surfaces indicate that the formation of
CH3MOCl from OM-(gCl-CH3Cl) requires activation energy, which
is in accord with our experimental observations. The CCSD(T)//
B3LYP/6-311++G(d, p) level indicated that the initial step of the
MO + CH3Cl reaction is the formation of a very weakly bond
OM-(gCl-CH3Cl) complexes. The reaction path for the formations
of CH3MOCl molecules is a photochemical endothermic process
via corresponding transition states, and most likely involves an
electronically excited states of essentially MO.
The potoisomerization reaction of OM-(gCl-CH3Cl) (M@Mn, Fe)
are quite different from those of MO(CH3Cl) (M@Sc, Y) [19] and
MO(CH3Cl) (M@Nb, Ta) [20]. In the Sc and Y reactions, the ground
state scandium and yttrium monoxide molecules reacted with
CH3Cl to form two (CH3Cl) (M@Sc, Y) complex isomers spontane-
ously on annealing. Broad-band irradiation initiated either the
addition of the CACl bond to the O@M bond to form the CH3OMCl
molecules or the addition of the CAH bond to the M@O bond to
give the CH2ClMOH isomer. The MO(CH3Cl) complexes isomerized
to CH3OMCl and CH2ClMOH molecules with the valence of metal
remains in +II oxidation state. For Nb and Ta, Reactions of metal
monoxide molecules with CH3Cl formed the MO(CH3Cl) complexes
on annealing. Visible light irradiation of the MO(CH3Cl) complexes
initiated the H-atom transfer from CH3Cl to the metal center in
forming the more stable CH2ClM(O)H isomers with the valence of
metal increasing from +II to +IV oxidation state.
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Fig. 6. Potential-energy proﬁle for the MO + CH3Cl (M@Mn, above; M@Fe, under)
reaction calculated at the B3LYP/6-311++G(d, p) level of theory (values are given in
kcal/mol).
Y. Zhao et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 116 (2013) 96–101 101The difference in their reactivity can be rationalized in terms of
changes in valence electron structures. Sc and Y have only three va-
lence electrons and hence are not able to form high oxidation
structures. The oxidation states of Nb and Ta increase from +II to
+IV during the addition of the CAH bond to metal for ﬁve valence
electrons. Mn and Fe have ﬁve more valence electrons, but their d
orbitals are fully half-ﬁlled and hence are not easily lost. So upon
300 < k < 580 nm irradiation the OM-(gCl-CH3Cl) (M@Mn, Fe) com-
plexes initiated the addition of the CACl bond to the M@O bond,
subsequently, the CH3MOCl molecules are formed with remain-
ing + II valence state.
Conclusions
Manganese and iron monoxide molecules (MnO, and FeO) was
prepared as the primary products, through laser-ablated MnO2
and Fe2O3 bulk metal oxides co-deposited with monochlorome-
thane in excess argon. The products from reactions on metal mon-
oxide with monochloromethane have been isolated and
characterized in argon matrix by infrared spectroscopy and quan-
tum chemistry theoretical calculations. The manganese and iron
monoxide molecules reaction with CH3Cl formed the OM-(gCl-CH3-
Cl) (M@Fe, Mn) complexes spontaneously on annealing. Upon
300 < k < 580 nm photo irradiation the OM-(gCl-CH3Cl) complexes
would isomerize to CH3MOCl molecules. According to the theoret-
ical calculations, the OFe-(gCl-CH3Cl) and OMn-(gCl-CH3Cl) com-
plexes have Cs point group with 5A0 and 6A0 ground state,
respectively, which are higher in energy than the CH3MOCl (M@Fe,
Mn) isomerism with no symmetry.
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